Introduction
[2] In 1999, a teleseismically recorded swarm of 250 earthquakes [Müller and Jokat, 2000] and a fresh lava flow [Edwards et al., 2001] signaled volcanic activity at eastern Gakkel Ridge (Figure 1 ), the slowest end-member of the global mid-ocean ridge system. This observation attracted considerable attention as theoretical models predicted a pronounced decrease of magmatic ridge processes with decreasing spreading rate [e. g., Michael et al., 2003] . The international Arctic Mid-Ocean Ridge Expedition (AMORE2001) examined Gakkel Ridge in 2001 with astonishing results: rock sampling, bathymetric surveying, and hydrothermal studies found evidence for prominent volcanic activity focussed in magmatic centers at eastern Gakkel Ridge where spreading rates are about 9 mm/y full rate Edmonds et al., 2003] . In order to monitor ongoing seafloor spreading processes we observed the earthquake activity during AMORE2001 with smallaperture seismological arrays installed on drifting ice-floes [Thiede and the Shipboard Scientific Party, 2002] . The perennial cover of sea ice in the high Arctic required this unconventional and surprisingly successful methodological approach: among more than 100 microearthquakes we recorded a swarm of 200 explosive acoustic events (Figure 2 ) originating from the volcanic center at about 85°E active in 1999. In the following, we examine these unusual seismic events and their potential source.
Character of the Seismoacoustic Signals
[3] In September 2001, we operated for 12 days a seismological array consisting of four 3-component shortperiod seismometers (Figure 3a ) on an ice-floe about 35 km north of the rift valley of Gakkel Ridge near the site of the 1999 eruption. Seismicity was recorded continuously at a sampling rate of 100 Hz. A GPS receiver at each recording site allowed determining the array position and orientation at any time. Ice-generated noise dominated the horizontal component records. Signals of interest arrived from below and are recognized by larger amplitudes on the vertical than on the horizontal component records and comparable signal strength on all array seismometers. We observed about 200 short, impulsive signals consisting of two to four increasingly dispersive phases (Figure 2a ). This phase pattern remained stable (Figures 2b-2d) , even if the frequency content of the signal varied (Figure 2e ), indicating a propagation effect. All phases traveled with a velocity of about 1.5 km/s across the array. They represent a direct water wave and its reverberations between sea-surface and sea-floor (Figure 3b ). High ambient noise levels precluded a conclusive study of incidence angles and wave polarities. Body phases travelling in the earth's crust are not observed for the explosive events. We are thus dealing with an acoustic source effectively radiating energy in the frequency range of 10-40 Hz into the water column. The interval between the occurrence of the acoustic signals ranged from minutes to hours with a prominent swarm of 126 events between days 252 16:00 UTC and 254 12:00 UTC (Figure 3c ). The magnitude of the acoustic signals is difficult to calculate. By comparison with the records of a local earthquake of known magnitude we roughly estimate the magnitudes to be below 0.
Source Localizations
[4] We picked the phase onsets at all seismometers and plotted the phases relative to station GAK22 which showed in all cases the earliest onset (Figures 3a and 3c) . Travel times over the array of about 0.7 s compared to a pick uncertainty <0.05 s allowed us to determine the direction of wave propagation with an error of less than 3°. The distance to the source is estimated from the travel time differences of the direct wave T0 and the multiples T1 and T2. As the bathymetry along the ray paths is unknown, we use a primitive model of a constant-velocity ocean with an average water depth of 3900 m ± 200 m obtained from averaging the pronounced seafloor topography in the corri-dor between the array and the rift valley surveyed by USCGC Healy during AMORE2001 (Figure 4 ). Compared to this uncertainty, the error of a straight-ray approximation seems negligible. In general, the travel time differences T1-T0 and T2-T0 yield the same distance and hence agree with the simple propagation model with a source at the sea-floor and a receiver at the sea-surface. However, we only used distance estimates if the phase identification was robust. As the amplitudes of the phases strongly depend on local propagation parameters like topography [McDonald et al., 1995] , lateral reflections or an indiscernible direct phase represent a potential source of misidentification. The resulting source directions and distance estimates are plotted in Figure 4 . The distance range corresponds to the uncertainty of the average water depth. The phase pattern during the main swarm (Figure 3c ) with increasing travel times T1 and T2 and decreasing travel time differences between GAK20 and GAK23 nicely reflect the southeastward drift of the array towards a single source area at the northern margin of the lava flow of 1999 (Figure 4) .
[5] The end of the swarm is marked by an abrupt change to a different signal type with high amplitudes and a late phase T1 (Figure 2g ), suggesting the possibility of a new source at closer distance (Figure 4) . However, the phases T1 and T2 are complicated and no longer fit the simple propagation model. The elevated topography of the ridge at the northern rift valley wall influences the propagation of the acoustic signals, including the phase pattern, amplitudes and distance range of the events. The rapid eastward drift of the array on days 255 and 256 (Figure 4 ) is accompanied by higher noise levels, but event backazimuths, turning from about 165°to 190°, still point roughly in the direction of the source area of the swarm. We therefore tend to attribute the late acoustic signals to the same source region but a different topography along the propagation path.
Discussion of Possible Sources
[6] We look for an acoustic source at the sea-floor in the northern rift valley emitting explosive signals in swarm-like Figure 1 . Location and seismicity of Gakkel Ridge in the Arctic Ocean. The circle marks the study area (Figure 4) . Numbers are full spreading rates [Sella et al., 2002] . White circles are earthquake epicenters [Engen et al., 2003; International Seismological Centre, 2001] . See color version of this figure in the HTML. Figure 3a and show the phase arrival times relative to the first arrival and the travel times T1-T0 and T2-T0 of the multiples averaged from all available seismometers. See color version of this figure in the HTML.
sequences. Typical oceanic sources of noise like whale calls and ice cracking do not meet these criteria [McDonald et al., 1995] . Dredging operations of USCGC Healy near the hydrothermal source cannot be the source as the signals also occur in the absence of the icebreaker (Figure 3c ). Vigorous hydrothermal activity could produce acoustic and microearthquake signals. However, microearthquakes recorded by Sohn et al. [1999] stem from the hydrothermal reaction zone at about 1 km depth beneath a vent and are unlikely to result in acoustic phases. In addition, the source area of our acoustic signals does not coincide with the hydrothermal source proposed by Baker et al. [2004] (Figure 4 ), although they mention that the plume may extend further east in the direction of the seismoacoustic source. The lava field of 1999 may emit sounds as it cools and cracks, but submarine lava is expected to cool rapidly at the contact with water. This is confirmed by a microearthquake survey of a lava field at Axial Volcano, Juan de Fuca Ridge, which showed no related seismicity 13-15 months after the eruption [Sohn et al., 2004] . Here, the eruption occurred about 30 months prior to the survey and ongoing cooling processes of the distal northern end of the lava field (Figure 4 ) seem unlikely.
[7] We propose that the explosive signals are the sounds of a recent submarine eruption. This hypothesis is supported by the observation of strikingly similar sequences of triplicate explosive signals by an ocean bottom hydrophone off Hawai'i [Caplan-Auerbach and Duennebier, 2001]. The sounds originate at the ocean entry of the Kilauea lava, and possibly occur when hydrogen gas reacts explosively with sea water. The role of gases in deep submarine eruptions is debated [Head and Wilson, 2003] . However, the recovery of primitive lava rich in vesicles [Thiede and the Shipboard Scientific Party, 2002; P. Michael, personal communication, 2005] from the area around the hydrothermal source (Figure 4 ) tends to support speculations on gas combustion as an acoustic source even at the confining pressure of 4 km water column. Another potential source mechanism could be cracking of fresh lava. The solidified rind of a pillow collapses under the water pressure when the liquid lava in the interior of the pillow cools and contracts [Head and Wilson, 2003] . The presence of glass fragments in dredges [Thiede and the Shipboard Scientific Party, 2002] encourages such speculations. These considerations together with the occurrence of a submarine eruption, in September 2001, may help to explain the impressive size of the hydrothermal plume observed in this area [Baker et al., 2004] .
[8] The inferred extrusive activity in 2001 is not accompanied by earthquakes as in 1999. Seismically silent submarine eruptions are also observed at Loihi'i seamount [Caplan-Auerbach and Duennebier, 2001] . We speculate that the earthquake swarm in 1999 may have signaled the onset of a major extrusive phase which is followed by seismically but not acoustically silent lava effusion. Interestingly, on September 14 and 15, 2001, the days after the retrieval of our seismometers, three teleseismically recorded earthquakes occurred near the rift valley at about 88.5-91°E, but a potential relation to the volcanic activity near 86°E is unknown.
[9] The seismoacoustic signals originate in the area of a ridge at the northern rift valley wall or within the rift valley. The unknown topography in the propagation path of the acoustic signals prevents a more accurate localization of the source. This ridge could be a volcanic edifice, although its shape favors a tectonic origin. Faults at the rift flanks may form pathways for the lava, but the lava source could also be the volcanic mound in the central rift valley active in 1999.
Conclusion
[10] We observed a sequence of 200 explosive acoustic signals originating at a large volcanic center of the ultraslow-spreading eastern Gakkel Ridge. By exclusion of other sound sources and comparison with similar signals associated with lava flow from Kilauea volcano into the ocean, we speculate that we witnessed an ongoing submarine eruption. Pre-positioning of ocean bottom instruments to capture the microseismicity of an eruption is extremely difficult. Hydroacoustic arrays are successfully employed to detect volcanic spreading episodes at large distances [Fox et al., 2001 ], but to our knowledge no in situ observations of microseismicity during a deep submarine eruption exist. Therefore, the swarm of weak but characteristic acoustic signals may represent a rare and valuable observation of submarine lava effusion at close distance. It may help to shed light on the exact nature of deep submarine eruption processes by encouraging an interdisciplinary discussion on the involvement of gases in deep submarine eruptions and on the cooling processes of submarine lava. 
